Abstract-Demand side response is seen as an important resource to provide flexibility into to the grid. This paper presents a smart community optimization model, implemented using a mixed integer linear programming technique, which is based upon physical models of the building, battery energy storage, thermal energy storage, and energy conversion devices. Various sources of flexibility, including battery energy storage, thermal energy storage, and building thermal storage, have been assessed applying different objectives. Analyses of community operational behavior and of annual cash flows are carried out to understand the benefit and feasibility of different flexibility options under both cost minimization and electricity self-sufficiency objectives. Among all the flexibility options, battery energy storage can bring the greatest operational revenue to the community, under a cost minimization objective. In contrast, electricity self-sufficiency might not be attractive to consumers and communities who would like to 'leave the grid', as it may lead to significant revenue losses. 
Integrating DER has numerous advantages such as improving network efficiency by avoiding transmission and distribution losses, and bringing potentially substantial operational revenues to consumers and communities by reducing import energy or exporting excess generation [1] . However, integrating DER can also produce problems. The geographical clustering of distributed renewable energy sources (RES) (e.g., PV) [2] can bring serious capacity problems to the local network, where expensive network reinforcement might be required to accommodate the export of surplus generation. Furthermore, the integration of intermittent RES, such as PV, requires more flexibility from the network. On the other hand, these issues may be ameliorated somewhat by consumers and communities located in areas where grid maintenance and expansion is extremely expensive (e.g., rural areas). These consumers may become self-sufficient [3] , or "live off-grid", by minimizing the import and export electricity from grid.
Demand side response (DSR) is seen as a potential source of flexibility to help deal with the above issues. More specifically, storages, such as BES, TES, and thermal storage in the building fabric, have been identified as attractive sources of flexibility to enable DSR [4] . In that context, the concept of community energy system [5] , which operates and plans the energy usage at local level, has been proposed to maximize the energy performance of a community, or district. In particular, optimizing the electricity/heating/cooling requirements, cogeneration, RES and energy storage at the community level is seen as an appealing approach to maximize the potential of DSR and DER [6] . Most of the existing literature focuses on one or two specific flexibility options. These include, [7] [8] [9] pertaining to BES, [10] and [11] to TES coupling with heating demand, and [11] [12] [13] to building thermal storage. There is a lack of study considering different flexibility options, particularly multi-energy ones such as TES coupling with domestic hot water (DHW) provision, BES coupling with PV generation, and building fabric coupling with space heating and cooling demand.
Addressing the issues mentioned above, and drawing on the previous work [7] , [8] , this paper presents an assessment on different flexibility options, under cost minimization and electricity self-sufficiency objectives, using a smart community optimization model. Particular novelty is found in the comparison of the performance of flexibility from BES, TES, and building fabric. The model considers multi-energy demand and production, consisting of DHW demand, space heating and cooling demand, base electricity load and distributed RES generation, as well as energy conversion and energy storage devices. The effect of considering various price signals has been modelled, i.e., flat retail prices, and dynamic time-varying energy prices. The case study is carried out in the context of the Australian National Electricity Market. Both the operational performance for the community and revenue analysis are presented, to understand the true benefits from implementing different flexibility resources under cost minimization and electricity self-sufficiency objectives.
II. MODEL FORMULATION
In this study, MILP is used to optimize the operation of smart communities, considering multi-energy demand, distributed RES generation, energy conversion and energy storage devices. Various technologies including heating ventilation and air conditioning (HVAC), electric boiler (EB), BES and TES are considered at the building level and then further aggregated to community level [14] . This enables different electricity price components to be charged at the appropriate level. The following sections present the formulations of modelling different resources and objective functions.
A. Resource modelling 1) Heating and cooling unit operating limits
Constraints (1)- (2) show the operating limits of EB and HVAC units, while (3)-(4) make sure that at each location HVAC does not provide heating and cooling at the same time.
,
For all = 1 to , = 1 to
2) Storage operating limits
The operation of BES is limited by (5)- (7). Meanwhile the BES is ensured not charging and discharging at the same time by (8) . The TES operating limit is set using (9) . Note that the TES energy content is measured relative to the building temperature.
3) BES and TES equations
Equation (10)- (12) define the energy level of BES and TES. More specifically, the BES energy level is related the BES energy level at previous time step, charging/discharging rate and BES round trip efficiency. For TES, the energy level depends on the energy level at previous time step, the heat input from EB, DHW and the heat losses to the building.
4) Initialization
Equation (13) ensures that TES energy level, BES energy level, and building temperature at initial time step are equal to the last time step, so that the results are not distorted.
For all = 1 to
5) Building thermal comfort limit
The building temperature is made to remain within a band by the set temperature, using (14)- (15) . Variables , and , enable the building temperature to deviate from the band, which are penalized in the objective function. 
, ,
6) Building system equations
Equation (16)- (17) define the building temperature, which is determined by the previous time step building temperature, heating and cooling from HVAC, internal heat gain and solar heat gain, heat loss to the outdoor environment and heat loss from TES. The season indicator is set to be 1 in summer and 0 in other seasons, while is set to be 1 in the winter and 0 in other seasons. Constraint (17) models the natural occupant cooling behavior, i.e., from opening the window or operating the blind, by using the blind exclusion efficiency . More specifically, in summer, solar heat gain is partly excluded, up to the value of the blind exclusion efficiency . In winter, it is assumed that the outside temperature is low enough so that both internal and solar heat gains can be excluded, if required.
B. Energy balance 1) Resource-location electricity balance
The electricity consumption/generation from resources is aggregated to location level first, using (18) . Import and export are ensured not happen at the same time by (19) . The import and export electricity at location level is used to calculate the retail and network policy costs, and goods and sales tax (GST) charge. 
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2) Location-GCP electricity balance
The location level electricity export/import is aggregated to grid connection point (GCP) level by using (20). Constraint (21) enables that electricity import and export do not happen at the same time. The import and export electricity at GCP level is modelled to apply for the distribution use of system (DUoS) fee and transmission use of system (TUoS) fee, as described in [14] .
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3) GCP-community electricity balance
The community level electricity balance is calculated using (22) . Wholesale electricity import/export prices are applied at community level.
C. Community active/reactive power constraints
Constraints on the apparent power of the community are important as demand response can often result in new peaks that can violate network limits [15] . The linear approximation of the community level active/reactive power are modelled in (24) , which is based on the methodology presented in [9] . The district reactive power is defined in (23) . This makes sure that the community apparent power is within the network limit ( ( ) ).
D. Objectives 1) Energy minimization
The energy minimization objective aims to minimize the energy consumption from the flexible devices. This also represent a base, reference case for other analyses:
For all = 1 to , = 1 to , = 1 to
2) Cost minimization
The cost minimization objective aims to gain maximum net benefit considering the various energy prices:
3) Electricity self-sufficiency
The electricity self-sufficiency objective aims to minimize the community electricity import and export:
III. CASE STUDY
The case study is done in the context of Victoria (VIC), Australia. The model is run based on five-minute resolution and with one-day horizon. For each test, eight typical days, i.e., summer/shoulder/winter weekday/weekend, peak summer day with the greatest solar insolation, and a peak winter day without solar insolation, are modelled with different flexibility options, i.e., TES, BES, and building temperature flexibility. This section presents the details of the case study.
A. Community description
The community is made up of 25 well-insulated terrace houses in VIC. The community is connected to a wider grid through a common GCP. The outside temperature and solar isolation is gathered from [16] . The network import/export limit is set to be 123.5 kVA, which is the maximum community power without any community electricity generation. For each terrace house, an EB unit is sized to satisfy the maximum DHW demand, while an HVAC unit is set to meet the maximum space cooling/heating demand. The DHW demand, non-heating electricity base demand, occupancy level and building thermal capacity/resistance are gathered based on UK parameters [17] , [18] . The building set temperature is 21°C [19] . To model the influence of human activities on solar heat gain and internal heat gain, the blind exclusion efficiency is set to be 0.47 [20] .
B. Energy prices
Different price signals have been assessed under cost minimization objective: 1) flat retail prices; i.e., 0.25$/kWh for import and 0.05$/kWh for export; 2) all price signals, consisting of time-varying DUoS fee, TUoS fee, retail policy costs (including AMI metering costs and feed-in tariffs), network policy costs (including cost of Victorian Energy Efficiency Target, cost of Renewable Energy Target and carbon prices), GST, and wholesale electricity prices. Electricity prices are taken from VIC context [21] [22] [23] . Figure 1 shows the electricity prices for a peak summer day. 
C. Test description
To assess the benefits of different flexibility provisions under various objectives and price signals, ten tests are proposed and detailed in Table I . Test 0 is set as a base test without considering any flexibility provisions from energy storages and building thermal storages. All tests are evaluated using the dynamic prices that form the price signals in tests 4-6, as these are the wholesale level prices that are ultimately payable. To synthesize scenarios where flexibility is required to ameliorate network stress, a 5.8 kW PV is added to each terrace house. For test 1, 4, and 7 the BES for each building is sized to 5 kWh with a power rating of 3.5 kW. For test 2, 5, and 8, the TES for each building is sized to 80 L [24] . The building temperature flexibility is set to be 0.05 °C for both up and down, for test 3, 6, and 9. Table II shows the details of the flexibility resources for each terrace house. 
IV. RESULTS
This section presents the results, including operational behavior of the residential community and annual cash flow. Figure 2 shows the community operational behavior in a peak summer day, including HVAC and EB electricity consumption, base electricity load, PV generation, community import/export electricity, average BES and TES energy level, average temperature surplus and deficit (the average deviation of the building temperature from set temperature during the period that the occupants are active). It can be noted that even with the same flexibility option, the community operates distinctively under different objectives and price signals.
A. Community behaviour
Under the cost minimization objective with retail prices (test 1-3) , the community operational revenue is aimed to be maximized, according to (26). As the electricity import/export prices are flat, the community is operated to minimize the import electricity and maximize the export electricity, regardless the time of the day. Due to the significant differential between import/export prices, where the import prices are much higher than the export prices, minimizing electricity import is given to the priority. Thus, in test 1-3, continuous export of excess of PV generation can be observed during the day time. The BES, TES and building thermal storage are used to store energy from PV generation, which is used later during the night time to reduce the amount of electricity that needs to be imported during the night, when the PV generation is not available. In test 1, a concentrated charging of BES from 8am to 5pm can be observed (see A1). The BES is discharged from 5pm and onwards, with the purpose of supplying electricity demand at night. In test 2, the TES is only charged from 2pm to 5pm (see B1), which aims to meet the DHW from 5pm to 8pm. The timing of the charging also minimizes energy losses (see (12) ). For test 3, a pre-cooling at 4pm can be seen, in order to minimize the use of HVAC cooling during the night to reduce the electricity import. That also leads to a peak temperature surplus at 6pm. After that, the occupancy level drops down, which leads to a decreasing temperature deficit, as constraints (14)- (15) are only valid when there is active occupancy. The variation of the temperature surplus (see C1) between 9am and 5pm is positively correlated to the occupancy levels of the building, which is crucial to the limits on building temperature, according to (14)- (15) .
Similar to tests 1-3, tests 4-6 (cost minimization objective with dynamic prices) aim to maximize the operational revenue, according to (26). In tests 4-6, as the electricity import/export prices varies with time, the objective is achieved by shifting the import/export periods to lower/higher price periods. In this context, two concentrated exporting periods (8am to 9am and 2pm to 3pm) can be observed. Both periods correspond to comparably higher wholesale electricity prices (see Figure 1 ) than other times during the day. In test 4, instead of starting charging BES at 8am as in test 1 (cost minimization with retail prices), the community exports most of the exceed PV generation in the morning, and charges BES from 12pm to 2pm (see A2), which refers to lower wholesale export prices. In test 5, the concentrated TES charging happens from 1pm to 2pm, and 3pm to 4pm (see B2). The TES is discharged from 2pm to 3pm to provide DHW, which corresponds to a higher wholesale export prices period, so that more PV generation can be exported. Test 6 experiences more fluctuations of temperature surplus/deficit during the day (see C2) than test 3, as a consequence of significant changing in HVAC operation based on the electricity import/export prices, which aims to shift the import/export period during the day.
Tests 7-9 are modelled under an electricity self-sufficiency objective, aiming to minimize the electricity import/export, according to (27) . The excess PV generation is curtailed to avoid electricity export from the community, based on (18)-(20). Consequently, in tests 7-9, PV curtailment can be seen throughout the day to eliminate grid interaction. The motivation for operating BES, TES and building thermal storage is to avoid electricity import during the night time, thus the BES and TES in test 7 and 8 (see A3 and B3) have similar behavior as in test 1 and 2 (cost minimization with retail prices). In all three tests, electricity consumption from HVAC cooling is generally higher than in tests 1-6 (cost minimization). This is because that HVAC is used to soak-up PV generation while to maintain buildings within certain comfort level when the occupants are active. That also leads to a lower temperature surplus/deficit level during the day in test 9 (see C3), compared to test 3 and 6 (cost minimization with retail and dynamic prices respectively). Figure 3 illustrates the changes in operational revenue of tests 1-9 compared to test 0 (without any flexibility options and run under energy minimization objective). It can be seen that under cost minimization objective, great operational revenue can be achieved, especially when coupling PV generation with BES (test 1 and 4). That is because, by implementing the flexibility options, less electricity is imported from the grid, which also reduces the TUoS, DUoS and policy costs. Although test 3 and 6 (building temperature flexibility) bring much less operational revenue compared to test 1 and 4 (BES), no expensive investment is needed, which might make the option more attractive to the consumers. More revenue can be brought by shifting electricity import/export period to a lower/higher price period under dynamic prices, where the main differences come from DUoS fees as its differential is greatest throughout the day (see Figure 1) . On the contrary, test 7, 8, and 9, which are under electricity self-sufficiency objective, do not show any economic benefits compared to the base case. That is because, in order to minimize the amount of import and export electricity, tests 7-9 curtail the excess PV generation, which causes great losses in wholesale electricity export revenue. More particularly, in test 8, more GST and policy costs are charged, due to the increased electricity consumption at the location level to fully utilize TES. This leads to a conclusion that leaving the grid is not economically feasible, or at least not convenient in the case economics were the main driver of customers'/communities' behavior. This paper presented a smart community optimization model based on MILP, considering multi-energy demand, PV generation, energy conversion devices, energy storage devices and building fabric. A case study in the context of VIC has been conducted to demonstrate the model. Different flexibility options (i.e., BES, TES and building temperature flexibility), have been examined under cost minimization and electricity self-sufficiency objectives. Moreover, the influence of electricity price signals, i.e., flat retail prices, or dynamic timevarying prices, has been modelled. Distinctive community operational behavior can be observed under different objectives and price signals. BES coupling with PV under cost minimization objective with dynamic prices has the most operational revenue compared with other tests. On the contrary, the electricity self-sufficiency objective does not show any economic benefit for all flexibility options. This is due to the insensitivity of those tests to changes in electricity price and the motivation to curtail PV generation, in order to limit electricity export. As key learning from the specific studies, it may be concluded that 'leaving the grid' may not be (economically) attractive as it prevents a community from taking part in energy arbitrage, which can generate significant revenues, and may motivate environmentally unfriendly curtailment of generation if generation cannot be stored within the community.
B. Economic behavior
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